The paper presents the results obtained in the course of a study on the concrete made of aggregate obtained from wastes of sanitary ceramics. Previous examinations proved high in strength and durability of concrete of this type, and it showed a resistance to high temperatures. The material was classified as a fireproof concrete. While searching for the optimal applications of such concrete, a series of examinations and analyses on its thermal energy storage (TES) properties were performed. This paper describes the two-stage experiment on the thermal behavior of the concrete made with sanitary ceramic wastes during cooling processes in comparison to different building materials subjected to the same thermal conditions. On the basis of the thermal, infrared analysis, and suitable calculations, the thermal power and the ability of the composite to store thermal energy was estimated. Finally, it was stated that the concrete made of sanitary ceramic waste aggregate and alumina cement can be recommended as a heat-accumulating material, and in combination with high durability can be used, e.g., for the construction of fireplace bodies.
Introduction
The increase in the usage of concrete around the world is associated with the increased demand for raw materials necessary for its production. Reuse of waste materials as building materials is particularly important in order to reduce energy consumption and the use of natural resources, with respect to the 4R principle (Reduce-Reuse-Recover-Recycle) [1] . The use of waste materials as construction materials helps to protect the environment by supporting the reduction of greenhouse gas emission and the consumption of natural resources, and it also leads to cost reductions [2, 3] . Changing the mentality of society and engineers will allow treating the waste not only as an environmental issue, but also as an important source of industrial raw materials. Introducing the idea of the closed-loop economy that involves closing the product's life-cycle may result in a reduction in the amount of waste that needs to be deposited in landfills [4] [5] [6] .
It is increasingly accepted to use green concretes in construction because of their numerous advantages. Green concretes offer many environmental, technical, and economic benefits (similar to the high performance concretes-HPC), such as high strength, increased durability, increased usability, reduced permeability, and excellent acid resistance. However, not all green concretes can be affirm the negative effect of the use of the red ceramics as the concrete's aggregate. Much more favorable results are obtained with regard to the white ceramics, including the sanitary ceramics.
The research described in this paper is a continuation of the authors own studies presented in [25] . The results indicate that the recycled refractory concrete may have the ability to accumulate heat energy (thermal energy storage-TES), which is associated with new methods of its potential use, e.g., for the fireplace body. In this study selected materials have been investigated in the two-stage experimental program, with the results allowing the determination of the thermal power of the fireproof concrete with the ceramic aggregate. In order to estimate the initial TES properties samples were subjected to a low temperature load at 230 • C (first stage). Next, the materials were tested in the operational temperature of a fireplace (400 • C), and they were examined in order to determine the degree of the materials' degradation. Conclusions were drawn, which indicate that recycled, fireproof concrete made with the ceramic waste aggregate can be successfully used to the construction of the fireplace body.
Analysis of the thermal parameters of various types of concrete is subjected to a number of studies [32] [33] [34] [35] [36] , the results of which indicate the possibility of using the cement composite as the TES material. In addition, finding new methods to deposit ceramic wastes have a double positive impact on the environment. Firstly, currently stored wastes will be consumed, and secondly, the consumption of natural aggregates will decrease.
Thermal Energy Storage in Building Issues
A common feature of the TES materials is the ability to absorb, store, and exchange heat energy [37] . Among the issues of the building physics, the phenomenon of TES is considered as the ability to absorb and store the particular portion of heat, which can be later exchanged by the material. In the construction sector, such an effect is mainly used for heating issues with special attention to absorption and storage of the energy surpluses during hot periods, and its utilization during its shortage. The example of this situation can be in summer heat accumulators, which exchange the heat accumulated in the summer during the winter period.
From the point of view of the building physics, the attempts to store excessive energy inside the fireplace hearth are similar. The energy is usually exhausted into the atmosphere by the chimney together with fumes, but the aim is to store and use this energy for heating after the fireplace is damped down. The example of such a solution can be the Scandinavian fireplace made of natural stone that is characterized by a high heat accumulation ability. In this type of fireplace, with the applied technical solutions and the TES ability , the hearth temperature reaches about 1000 • C (normally it reaches 400 • C), which enables the fumes to burn down (soot burning). Excessive heat is accumulated in the solid body of the fireplace and consecutively exchanged even after the oven is extinguished. The exhaust gases are cool and clean, which has a positive impact on the environment. This type of technical solution requires specific materials used in their construction.
The Scandinavian fireplace is made of the natural steatite stone-a mineral that is a rare resource. Its treatment, to obtain the appropriate forms, is also difficult and expensive. The comparison of high temperature resistance of the mentioned mineral, derived from research [13] , to the recycled concrete made of ceramic waste materials showed some resemblance between these materials. A concrete advantage is the ease of forming any shape. An economic consideration encouraged the authors to perform the research aimed at verifying the possibility of using concrete for the TES issues.
Thermal Transformations and Parameters Describing the TES Phenomena
The physical thermal transformations associated with the TES process, regardless of prevailing conditions, occur according to specific rules. They are systematized as shown:
• the amount of heat given out by the body is equal to the amount of heat absorbed by the environment of the body during the cooling, • the amount of heat stored by the body during its heating is equal to the heat removed from the body during cooling (only if two changes occur in the same temperature range),
• the amount of heat ∆Q stored by the body during its heating or removed during the cooling is proportional to the body's weight m and the difference of the body temperature ∆T before and after the thermal conversion; this rule can be written as:
The c parameter in Equation (1) is called as the specific heat. A simplified, commonly-quoted definition of this quantity is: the specific heat is the energy which enhances (or decreases) the temperature of a unit mass body by a unit temperature.
Another parameter which characterizes materials in terms of the thermal properties is the heat capacity. Its value b is calculated using the specific heat c and density of the material ρ of which the body is made:
The heat capacity is, therefore, the amount of the energy which is adopted while heating, or returned while cooling by 1 m 3 of the material, changing its temperature by one degree. Alternatively, the heat capacity is the energy which lifts (or decreases) the temperature of the unit volume material, by a unit temperature. Table 1 shows the values of the specific heat, density, and the heat capacity of various materials, including building materials. It can be stated that the best TES materials are not the materials of the highest bulk density-metals with bulk density of 7000-9000 kg/m 3 are characterized by an average heat capacity of approx. 1.5 to 3.5 MJ/(m 3 ·K). The very good heat capacity, at low density, shows water at approx. 4.2 MJ/(m 3 ·K), and at even lower density, benzene (15.1 MJ/(m 3 ·K)). Granite, used as an aggregate in concrete, has a lower heat capacity than metals. Brick and river sand show even less heat capacity, at approx. 1.2 MJ/(m 3 ·K). Table 1 . Specific heat, bulk density, and heat capacity of different materials [38, 39] . The heat capacity value is not sufficient to describe the maximum energy that can be stored in a unit volume of the material. In Equation (1), the ∆T is the difference between the temperature to which the body was heated, and the initial temperature before heating; assuming that the base temperature is room temperature, and the final temperature, a maximum temperature, to which the material can be heated, the heat accumulation capacity b max can be calculated:
No
Calculations of the heat accumulation capacity of different materials were performed and are presented in Table 2 . The maximum temperatures for materials listed were read from their technical sheets. These are the temperatures at which the materials maintain the invariability of shape, form, and physical state. This value for the heat resistant concrete was adopted in accordance with [13] ; no destructive processes were observed at this temperature. It is easy to note that the ability to store the maximum amount of heat in a material's volume, to a very large extent, depends not so much on the material's heat capacity, as on its resistance to high temperatures. Another parameter that determines whether the TES material will provide long-lasting comfort is the time of reflecting back (emission) of a stored energy. At a certain heat accumulation capacity, the emission time cannot be too short (then in the unit of time, too much heat is reflected back), or too long (then in the unit of time, too small heat is reflected back, e.g., insufficient to heat a room). A parameter, which binds the heat emission and time of this emission is the thermal power, is defined by the relationship:
where: P: thermal power, ∆Q: heat emission, and T: time of emission. In the TES materials the thermal power should be relatively high [40] [41] [42] [43] [44] .
Experimental Program

Materials Used
Ten samples with dimensions of 4 × 4 × 16 cm (±0.2 cm), made of different building materials, were performed; steel (S), aerated concrete (AC), sand-lime brick (SLB), ceramic brick (CB), fireclay brick (FB), and four concretes: with gravel aggregate and Portland cement (CGA-PC), with gravel aggregate and alumina cement (CGA-AC), with ceramic aggregate and Portland cement (CCA-PC), with ceramic aggregate and alumina cement (CCA-AC), and granite (G). The samples were prepared in the majority by excision of the building elements (blocks, bricks, cobblestones). Concrete samples were molded in steel molds.
The steel sample was cut from a full bar with dimensions of 40 × 40 × 12,000 mm. The quality of the steel, designated according to EN 10025-2:2004, was defined as S 355 J2.
The sample of aerated concrete was cut using a saw with a diamond disc, from a block with dimensions of 240 × 240 × 590 mm. The density of the block was 700 kg/m 3 , compressive strength was 4 MPa, thermal conductivity was 0.7 W/(m 2 ·K), and the open porosity was 28.1%.
The sand-lime brick sample was cut from the product-a brick with dimensions 250 × 120 × 65 mm. Its density was equal to 1800 kg/m 3 , its thermal conductivity was 0.8 W/(m 2 ·K), and its open porosity was 15.4%.
The sample of ceramic brick was obtained from a solid brick of dimensions 250 × 120 × 65 mm. The material's water absorption is no higher than 16%, its compressive strength was 15 MPa, its frost resistance was as for bricks of the 10 MPa class, and its open porosity was 16.9%.
The fireclay brick sample was cut from a full brick. The material has a minimum compressive strength of 30 MPa, an operational temperature of 1370 • C, an open porosity of 20%, and an apparent density of 2.1 g/cm 3 .
The granite rock sample was obtained from a rock block. A diamond disc was used for its preparation. The material has a specific density of 2.8 g/cm 3 , a bulk density of 2.7 g/cm 3 , a compressive strength of 59 MPa, a modulus of elasticity of 360 GPa, water absorption of 0.8%, and open porosity of 2.2%.
The concretes' compositions used in the tests, as well as their basic properties, are described in the Section 4.3.
Aggregate Properties
Two types of aggregates were used to the concretes production: traditional-gravel (mainly granite), and recycled-made of white ceramics. The recycled aggregate used in the study was prepared on the basis of a post-production waste of sanitary ceramics [13] . Aggregate crushers were used to prepare the aggregate, allowing for the separation of the fine fraction (0-4 mm), which passed through a 4 mm sieve and the coarse fraction (4-8 mm), grains which remained in the 4 mm sieve, but passed through a sieve with a mesh of 8 mm. The coarse aggregate that remained in the 8 mm sieve were crushed again. The properties of the aggregates used are summarized in Table 3 . 
Mixtures and Properties of Concretes
Two cements were used in the concrete mix production. The first one was the Górkal 70 high alumina cement (Al 2 O 3 content: 69-71%). This cement is recommended for use in concretes and mortars that are exposed to high temperatures. Declaration of the cement's performance indicates the possibility of manufacturing composites, which can operate in a temperature of 1560 • C. The second cement used was the CEM I 42,5N-SR 3/NA Portland cement, which has stable physicochemical properties, suitable binding time, high early and final strength, low alkali content, and high resistance to aggressive chemicals; these features lead to the cement being commonly used in industrial concrete production. The basic parameters of both cements are shown in Table 4 .
Four types of concrete were performed:
• with gravel aggregate and Portland cement: CGA-PC,
• with gravel aggregate and alumina cement: CGA-AC, • with ceramic aggregate and Portland cement: CCA-PC, and • with ceramic aggregate and alumina cement: CCA-AC.
All of the concretes had the same proportions of components as shown in Table 5 . Basic features of the concretes, such as bulk density, water absorption, and compressive strength (Table 6 ), were determined. Tests were performed after 28 days of maturing. The results obtained are the arithmetic average of six samples. 
Tests and Methodology
A two-stage experiment was designed. The aim of the first stage was to estimate the initial TES abilities of the selected materials including the fireproof concrete (with the ceramic aggregate). The test stand was equipped with a ceramic base, an electronic thermometer, and a laboratory dryer, which can heat the specimens to a temperature of 230 • C.
The room temperature was 25.4 • C. Samples were placed in the laboratory dryer and its maximum working temperature (230 • C) was set. The dryer reached the temperature after one hour and 15 min. At this temperature, the specimens were placed for three hours, after which they were removed from the dryer and laid upon a ceramic base. The samples' temperature was measured using a digital thermometer by applying a probe to the surface of the sample in the middle of its length. The samples used in the experiment, together with the test stand, are shown in Figure 1 . On the basis of the results obtained, the materials' thermal power was calculated, using Equations (1) and (4).
The room temperature was 25.4 °C. Samples were placed in the laboratory dryer and its maximum working temperature (230 °C) was set. The dryer reached the temperature after one hour and 15 min. At this temperature, the specimens were placed for three hours, after which they were removed from the dryer and laid upon a ceramic base. The samples' temperature was measured using a digital thermometer by applying a probe to the surface of the sample in the middle of its length. The samples used in the experiment, together with the test stand, are shown in Figure 1 . On the basis of the results obtained, the materials' thermal power was calculated, using Equations (1) The second stage was a re-run of the experiment, but it was assumed to heat the samples to the temperature similar to these prevailing in the fireplace. The aim was to assess the thermal power in the operational temperature range of the fireplace. The test stand was equipped with the PK 1100/1 furnace (Thermolab S.C, Warsaw, Poland), which was controlled by a PC, and the infrared camera (Flir, Boston, MA, USA) was a FLIR123 model. The thermocouples, which are an integral part of the furnace, were used to measure the temperatures. The readings from the thermocouples were recorded on the PC. The scheme and the furnace are shown in Figure 2 . The samples tested were the same as the ones used during the first stage of the TES assessment. The specimens, after placing them in the furnace, were subjected to a relatively rapid temperature increase, i.e., within half an hour, the furnace was heated to a temperature of 400 °C. The samples remained for 30 min in the closed furnace. After switching off the heating mechanism, the furnace's doors were opened in order to provide the possibility of the heat emission by the samples. Using the thermocouples installed on the samples, the surface temperature was measured. The second stage was a re-run of the experiment, but it was assumed to heat the samples to the temperature similar to these prevailing in the fireplace. The aim was to assess the thermal power in the operational temperature range of the fireplace. The test stand was equipped with the PK 1100/1 furnace (Thermolab S.C, Warsaw, Poland), which was controlled by a PC, and the infrared camera (Flir, Boston, MA, USA) was a FLIR123 model. The thermocouples, which are an integral part of the furnace, were used to measure the temperatures. The readings from the thermocouples were recorded on the PC. The scheme and the furnace are shown in Figure 2 .
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The room temperature was 25.4 °C. Samples were placed in the laboratory dryer and its maximum working temperature (230 °C) was set. The dryer reached the temperature after one hour and 15 min. At this temperature, the specimens were placed for three hours, after which they were removed from the dryer and laid upon a ceramic base. The samples' temperature was measured using a digital thermometer by applying a probe to the surface of the sample in the middle of its length. The samples used in the experiment, together with the test stand, are shown in Figure 1 . On the basis of the results obtained, the materials' thermal power was calculated, using Equations (1) The second stage was a re-run of the experiment, but it was assumed to heat the samples to the temperature similar to these prevailing in the fireplace. The aim was to assess the thermal power in the operational temperature range of the fireplace. The test stand was equipped with the PK 1100/1 furnace (Thermolab S.C, Warsaw, Poland), which was controlled by a PC, and the infrared camera (Flir, Boston, MA, USA) was a FLIR123 model. The thermocouples, which are an integral part of the furnace, were used to measure the temperatures. The readings from the thermocouples were recorded on the PC. The scheme and the furnace are shown in Figure 2 . The samples tested were the same as the ones used during the first stage of the TES assessment. The specimens, after placing them in the furnace, were subjected to a relatively rapid temperature increase, i.e., within half an hour, the furnace was heated to a temperature of 400 °C. The samples remained for 30 min in the closed furnace. After switching off the heating mechanism, the furnace's doors were opened in order to provide the possibility of the heat emission by the samples. Using the thermocouples installed on the samples, the surface temperature was measured. The samples tested were the same as the ones used during the first stage of the TES assessment. The specimens, after placing them in the furnace, were subjected to a relatively rapid temperature increase, i.e., within half an hour, the furnace was heated to a temperature of 400 • C. The samples remained for 30 min in the closed furnace. After switching off the heating mechanism, the furnace's doors were opened in order to provide the possibility of the heat emission by the samples. Using the thermocouples installed on the samples, the surface temperature was measured.
During the cooling process, at five-minute intervals, the infrared images were taken by a thermal imaging camera on which all the samples could be seen. Sample images after 3 min of cooling are shown in Figure 3 .
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During the cooling process, at five-minute intervals, the infrared images were taken by a thermal imaging camera on which all the samples could be seen. Sample images after 3 min of cooling are shown in Figure 3 . Figure 3 . Thermal images of materials tested after 3 min of cooling.
Results and Discussion
Stage 1-Initial Assesment of the TES Properties at Lower Temperature
Results from the first stage of the experiment are shown in Figure 4 . In spite of the same size of the samples and the fact that they were left in the same thermal conditions, they showed different thermal characteristics. After the heating process, the specimens had different temperatures. None of the materials, after 3 h of heating did not reach the set Figure 3 . Thermal images of materials tested after 3 min of cooling.
Results and Discussion
Stage 1-Initial Assesment of the TES Properties at Lower Temperature
Results from the first stage of the experiment are shown in Figure 4 . During the cooling process, at five-minute intervals, the infrared images were taken by a thermal imaging camera on which all the samples could be seen. Sample images after 3 min of cooling are shown in Figure 3 . Figure 3 . Thermal images of materials tested after 3 min of cooling.
Results and Discussion
Stage 1-Initial Assesment of the TES Properties at Lower Temperature
Results from the first stage of the experiment are shown in Figure 4 . In spite of the same size of the samples and the fact that they were left in the same thermal conditions, they showed different thermal characteristics. After the heating process, the specimens had different temperatures. None of the materials, after 3 h of heating did not reach the set In spite of the same size of the samples and the fact that they were left in the same thermal conditions, they showed different thermal characteristics. After the heating process, the specimens had different temperatures. None of the materials, after 3 h of heating did not reach the set temperature. After 15 min of cooling, the highest temperature reached was the steel specimen (122.2 • C), while the lowest was the sample made of the aerated concrete (76.8 • C). The reason for the differences, while heating and cooling of these materials, is their structure and internal interactions between the material's molecules. Steel is a compact material which has the highest density, and the least amount of voids and free spaces inside its volume in comparison to the other materials tested. In addition, the high thermal conductivity of steel is due to the metallic bonding between molecules. An aerated concrete is radically different in terms of its structure: it has low density and high porosity; the appearance of air voids makes it an insulating material with a low heat transfer coefficient. The porosity of the surface of the aerated concrete gives it the largest contact surface with the cooler room air of all the materials tested. Such an effect unfavorably influences the emission time of the heat stored-the sample very quickly drops in temperature.
The analysis of the temperature drops during further cooling confirms this pattern. The steel sample, despite the fact that after 15 min reached a temperature close to the concrete samples (steel: 122.2 • C; ordinary concrete: 117.2 • C), it remained warm the longest, and the temperature drops in the subsequent intervals were the lowest. The aerated concrete specimen cooled down in the fastest time.
The analysis of the thermal behavior of other samples indicates the superiority of the concretes (including concrete with the ceramic aggregate) over the traditional ceramics in terms of the TES issues. Concrete samples as the more compact material with higher density, heat up at the same time to the higher temperatures under the same conditions (concrete samples: over 100 • C; ceramic samples: less than 100 • C).
The calculation of the thermal power is shown in Table 7 . During the analysis of the results, it is noted that the highest thermal power reached was in the steel (8.8 W) , and the lowest were concretes (5.3−6.6 W). The lowest thermal power was found in the aerated concrete (1.616 W) and the fireclay brick (2.408 W). where: m: sample weight; c: specific heat; ∆T: temperature difference; ∆Q: amount of emitted energy; t: emission time; P: thermal power; S: steel; AC: aerated concrete; SLB: sand-lime brick; CB: ceramic brick; FB: fireclay brick; G: granite.
Stage 2-TES Properties in the Fireplace Operational Conditions
Results from the second stage of the experiment, in which samples were heated up to 400 • C, are shown in Figure 5 .
The highest temperature reached was in the CGA-PC specimen (393 • C), while the lowest-similar to the first stage-was the AC sample (297 • C). As the heating temperature increases, the differences in the final temperature of the materials also increases. In this case, the temperature of steel (303 • C), immediately after heating, was only higher from the AC. This shows that the thermal properties of the materials, besides the material's structure and type of bonding between molecules, also depend on the temperature at which the materials operate.
The temperature drops during cooling showing that aerated concrete cooled down in the shortest time, but a different cooling pattern was observed for the steel sample (in comparison to the first stage). The S sample was characterized by the lowest rate of the temperature drop in a function of the cooling time. After 9 min of cooling the S sample had a higher temperature than all concretes tested and, after 12 min, the S specimen had the highest temperature of all the materials. of the cooling time. After 9 min of cooling the S sample had a higher temperature than all concretes tested and, after 12 min, the S specimen had the highest temperature of all the materials. The initial temperature after heating of the concretes made with ceramic aggregate was higher than almost all materials, i.e., CCA-PC and CCA-AC, at 354 °C and 349 °C, respectively. Only the CGA-PC sample obtained higher initial temperature, at 393 °C. During the first stage, more materials (S, SLB, and CGA-PC) obtained higher initial temperatures in comparison to the ceramic concretes. The test at 400 °C shows that the TES properties of concretes based on ceramic aggregate are better when the operational temperature increases, compared to other materials.
In the case of the temperature measurement using an infrared camera, when a high-temperature object (interior of the furnace) is reflected, an adulteration of the measurement results may appear unless the ambient temperature is considered. During measurements, the angle of the observation did not exceed 30°, and the emissivity coefficients of the materials' surface were taken into account.
The analysis of thermal images was carried out using the comparative method. The samples' temperatures were compared, which were obtained from the thermograms made at one time for the materials. The brightest color on the thermal image during the entire cooling period was observed for the steel sample, which was in agreement with the temperature reading from the thermocouple. The darkest color was recorded for the aerated concrete sample. This fact was consistent with the temperature readings-the AC sample reached the lowest temperature during the heating process, and the temperatures recorded for it in subsequent points in time were also the lowest. The thermographic examination was carried out in order to detect possible anomalies, i.e., an intensified infrared radiation for selected materials, which would not be compatible with temperature readings obtained from the thermocouples. The thermal images of the ceramic materials, concretes, and natural stone were similar in quality. This fact may indicate that concrete composites can fulfill the functions of heat radiators that have traditionally been made in old fireplaces made of ceramic and stone materials.
As in the case of the first stage of the experiment, the thermal power of the materials tested was calculated and the results are shown Table 8 . The comparison of the thermal power between samples The initial temperature after heating of the concretes made with ceramic aggregate was higher than almost all materials, i.e., CCA-PC and CCA-AC, at 354 • C and 349 • C, respectively. Only the CGA-PC sample obtained higher initial temperature, at 393 • C. During the first stage, more materials (S, SLB, and CGA-PC) obtained higher initial temperatures in comparison to the ceramic concretes. The test at 400 • C shows that the TES properties of concretes based on ceramic aggregate are better when the operational temperature increases, compared to other materials.
In the case of the temperature measurement using an infrared camera, when a high-temperature object (interior of the furnace) is reflected, an adulteration of the measurement results may appear unless the ambient temperature is considered. During measurements, the angle of the observation did not exceed 30 • , and the emissivity coefficients of the materials' surface were taken into account.
As in the case of the first stage of the experiment, the thermal power of the materials tested was calculated and the results are shown Table 8 . The comparison of the thermal power between samples subjected to the low temperature load (stage 1) and the fireplace operational temperature are shown in Figure 6 .
The thermal power of the materials heated to 400 • C ranges from 6.2 (for steel) to 11.4 (for aerated concrete) times greater than the materials' thermal power obtained during the first stage of the experiment. Previously, only the steel obtained higher thermal power than the concrete samples. In the second stage the highest thermal power was achieved by the CGA-PC concrete. All tested concretes had a thermal power greater by an average of 82% than other materials (excluding steel). In addition, the largest increases in the thermal power (between the first and the second stage of the experiment) were achieved in the concretes and the steel sample. This shows that the TES properties of these materials are better when they operate at elevated temperature conditions.
Testing at the operating temperature of the fireplace shows that the concretes (including the fireproof concrete with ceramic waste aggregate) have very good TES properties, and in combination with high durability can successfully be used as a heat accumulator in the construction industry. where: m: sample weight, c: specific heat, ∆T: temperature difference, E = ∆Q = c·m·∆T: amount of emitted energy, t: emission time, P: thermal power.
Appl. Sci. 2017, 7, 1303 12 of 16 subjected to the low temperature load (stage 1) and the fireplace operational temperature are shown in Figure 6 . The thermal power of the materials heated to 400 °C ranges from 6.2 (for steel) to 11.4 (for aerated concrete) times greater than the materials' thermal power obtained during the first stage of the experiment. Previously, only the steel obtained higher thermal power than the concrete samples. In the second stage the highest thermal power was achieved by the CGA-PC concrete. All tested concretes had a thermal power greater by an average of 82% than other materials (excluding steel). In addition, the largest increases in the thermal power (between the first and the second stage of the experiment) were achieved in the concretes and the steel sample. This shows that the TES properties of these materials are better when they operate at elevated temperature conditions.
Testing at the operating temperature of the fireplace shows that the concretes (including the fireproof concrete with ceramic waste aggregate) have very good TES properties, and in combination with high durability can successfully be used as a heat accumulator in the construction industry. After conducting the research, specimens were left in a laboratory for a period of two weeks, after which their inspection was made. The samples made of concrete with gravel aggregate (CGA- After conducting the research, specimens were left in a laboratory for a period of two weeks, after which their inspection was made. The samples made of concrete with gravel aggregate (CGA-PC, CGA-AC) showed damage in the form of cracks (Figure 7) . A similar type of damage was observed for the concrete made of ceramic aggregate and Portland cement (CCA-PC). Damage occurred as a result of too high a temperature during the heating process. Other materials remained intact, including the CCA-AC concrete.
Appl. Sci. 2017, 7, 1303 13 of 16 PC, CGA-AC) showed damage in the form of cracks ( Figure 7) . A similar type of damage was observed for the concrete made of ceramic aggregate and Portland cement (CCA-PC). Damage occurred as a result of too high a temperature during the heating process. Other materials remained intact, including the CCA-AC concrete. Damage after heating the concretes based on Portland cement (CGA-PC, CCA-PC) made it impossible to determine their basic mechanical properties-the compressive and tensile strength. The edges of the samples flaked off after heating, and the loss of their mass was noted. The concretes based on alumina cement (CGA-AC, CCA-AC) have a compact structure after heating, and it was possible to study their strength characteristics. For CGA-AC, the compressive strength was 28.4 MPa, and the tensile strength was 2.6 MPa. The strength characteristics for CCA-AC were 49.8 MPa and 4.2 MPa, respectively. The conclusion from this observation drew attention to the fact that, among the tested concretes, only the recycled one, for which the ceramic waste aggregate and alumina cement was used (CCA-AC), would be able to work without destruction in the thermal conditions that are present in a fireplace.
Conclusions
On the basis of the research obtained from the first and the second stage of the experiment, and the thermal images analysis, general assumptions about the favorable TES parameters of the recycled ceramic concrete were confirmed. Results obtained during the tests have confirmed the beneficial value of the heat stored during the heating, as well as the relatively low temperature drops of concretes while cooling. The tests at higher temperatures were relatively close to those obtained at the lower temperature range. All of the concretes showed good accumulating properties, considerably higher than other compared materials, e.g., red ceramics or fireclay bricks. The tests at higher temperatures, however, have shown that only the heat-resistant concrete (CCA-AC) has appropriate the parameters to work in the operational conditions of a fireplace. Other concretes were characterized by structural damage (mainly cracks) due to the influence of the elevated temperature.
The additional conclusions obtained from the literature study, research, and analysis can be formulated as follows:
1. The parameters that determine the possibility of using the material as the TES material are as follows: the heat capacity (the material capacity to absorb and store heat in its volume), and the thermal power (the material ability to return the energy to the environment, in a given time). Damage after heating the concretes based on Portland cement (CGA-PC, CCA-PC) made it impossible to determine their basic mechanical properties-the compressive and tensile strength. The edges of the samples flaked off after heating, and the loss of their mass was noted. The concretes based on alumina cement (CGA-AC, CCA-AC) have a compact structure after heating, and it was possible to study their strength characteristics. For CGA-AC, the compressive strength was 28.4 MPa, and the tensile strength was 2.6 MPa. The strength characteristics for CCA-AC were 49.8 MPa and 4.2 MPa, respectively. The conclusion from this observation drew attention to the fact that, among the tested concretes, only the recycled one, for which the ceramic waste aggregate and alumina cement was used (CCA-AC), would be able to work without destruction in the thermal conditions that are present in a fireplace.
1.
The parameters that determine the possibility of using the material as the TES material are as follows: the heat capacity (the material capacity to absorb and store heat in its volume), and the thermal power (the material ability to return the energy to the environment, in a given time).
2.
The primary factor determining the TES properties is the maximum temperature to which the material can be heated.
3.
Concrete made with ceramic waste aggregate and alumina cement, due to the ability to work in temperatures up to 1000 • C, has a high heat accumulation ability. This value is approximately two times higher than that of red ceramics and fireclay bricks. The results of the research also point to the relatively high thermal power of this material.
4.
The concrete prepared from ceramic waste aggregate is a good heat accumulator. These concretes may, thus, be the starting point for the practical application of such materials to the manufacture of condensing furnaces, or to the interior of fireplaces. Its additional advantage is the ease of forming any shape and the possibility of embedding it in the workplace without previous firing, as is in the case of the ceramics used so far.
